An advanced teaching method for the analysis of balanced operations of overhead transmission lines has been described in this paper. The proposed educational method combines theoretical, simulation and experimental approaches with the purpose of a higher-level knowledge achievement. Several exercises have been defined and implemented in the teaching process. Some characteristic overhead transmission line steady state regimes, such as Ferranti effect, natural load flow and capacitive overhead transmission line behaviour, have been analysed. The special analysis has been carried out in order to determine the basic characteristics of the switching transients. Software package MATLAB/Simulink has been used for the estimation of system parameters and for the simulation analysis. Different overhead transmission line models have been compared and useful modelling guidelines have been recommended. Experimental calculations have been performed by using a physically scaled system consisting of multiple Pi sections representing 100 km length 400 kV overhead transmission line. The proposed method has been tested within High Voltage Engineering undergraduate course and useful application feedback from students has been obtained.
Introduction
The influence of modern educational methods on the future knowledge of electrical engineers is becoming increasingly significant, especially in relation to the complex systems such power systems are. The importance of the work in this field has been recognised by several educational papers. [1] [2] [3] The proper explanation of balanced operations of overhead transmission lines (OHLs) represents very important task in the education of electrical power system engineers. Conventional educational methods dealing with balanced operations of OHLs are often incomplete due to lack of any experimental research. A combination of theoretical, simulation and experimental approach certainly presents the most useful educational method.
Nowadays, many different simulation tools can be used in the analysis of OHLs' operating conditions, such as EMTP-ATP, 4 DIgSilent/PowerFactory, 5 MATLAB/Simulink 6 etc. EMTP-ATP is more frequently used in power engineering practice for switching and lightning transient calculations, while DIgSilent/ PowerFactory is specialised for power system state analysis. Nowadays, MATLAB/Simulink is frequently used for modelling of power system elements, due to more usable 'Help' options for users, dealing with elements description, input data preparation and calculation procedures.
Direct measuring of transient signals at OHLs is a complex and expensive task and it is not applicable in student education process. On the other hand, experimental measuring and experiments are very important for the improvement of students' practical knowledge. Physically scaled setup replacing real OHL is probably the best compromise solution for such purposes. This paper shows that experimental results obtained at physically scaled OHL and simulation results from MATLAB/Simulink almost fully correspond to each other.
Balanced operations of OHLs -selected exercises
Per phase analysis of power systems represents the powerful simplifying tool based on Balanced Three-Phase Theorem. 7 Application of symmetrical components method enables per phase analysis in means of positive sequence impedance, which represents the difference between self and mutual impedances. 8 Per phase analysis is also frequently applied for the calculation of lightning transients at the OHL. 2 Three-phase switching transients can be analysed by the extension of basic single phase approach or by the application of symmetrical components. 9 In the case of OHL transients, the method of symmetrical components is recommended due to already used assumption of perfectly transposed conductors. The transient phenomena analysis, in the case of three-phase switching of perfectly transposed OHL, takes place in positive sequence circuit model with distributed parameters.
To improve the conventional teaching methods related to balanced operations of OHLs, mainly based on theoretical considerations, the following exercises have been defined:
Preparation of simulation parameters and OHL model selection
Modelling of OHLs represents the starting point in almost every simulation analysis. Selection of proper OHL model for a given analysis is of great importance for achieving necessary accuracy. Preparation of simulation parameters is an essential part of modelling process and it is related to practical OHL's geometry. Software implementation of proper OHL model, based on correct input parameters, is the main purpose of this exercise.
Experimental setup realisation and measuring issues
Physically scaled experimental setup of power system elements can be very useful to improve students' practical knowledge, e.g. creation of specific electric circuits, measuring in steady state and transient conditions, better insight in elements' construction and general sense for future field jobs. The main aim of this exercise is to provide useful methodology for the experimental OHL setup realisation and efficient solution for measuring issues.
Ferranti effect analysis
Ferranti effect represents a common balanced steady state voltage condition at long weakly loaded OHLs. The aim of this exercise is to analyse the main indicator of Ferranti effect, called the Ferranti coefficient. Ferranti effect is noticeable and measurable in both software and experimental OHL models. Based on the estimated results very useful conclusions are presented.
Natural power flow and capacitive OHL behavior
Surge impedance loading (SIL) or natural power flow represents the common OHL performance analysis and it is related to the OHL power transmission capacity. Another interesting operating regime is the generation of reactive power into the power system or capacitive OHL behaviour. Previous operating conditions can be easily simulated and generated by using software and experimental OHL models respectively. The purpose of this exercise is to provide a good insight into the OHL characteristics with respect to the power system.
Analysis of switching transients
Switching operations in power system are very common and determination of their effects is significant for insulation coordination of OHLs and substations. Impact of switching transients on the equipment is described with overvoltage factor. The aim of this exercise is to determine the switching overvoltage factor both in software and experimental OHL models. Application of simplified per phase analysis is justified because of the balanced switching operations (threephase switching of OHL).
Selection of the simulation package
Three available simulation packages have been considered for application in balanced operations of OHLs analysis: EMTP-ATP, DIgSilent/PowerFactory and MATLAB/Simulink.
1. EMTP-ATP is specialised for the analysis of electromagnetic transient phenomena. It is mainly used for analysis of lightning and switching transients and represents the best solution when high modelling precision is required. The main drawbacks of this software related to application in education process are complexity of input data (demanded for high precision calculations) and lack of the detailed help options. 2. DIgSilent/PowerFactory is specialised for the power system state analysis and it also can be used for simplified electromagnetic transient calculations.
Modelling preparation is quite simple and useful input data sets are available. The software could be used very efficiently in teaching related to power flow, short circuit and power system stability analysis. The lack of this software for application in students' education is that models of power system elements are black boxes so their structure and electrical circuits behind cannot be accessed. 3. MATLAB/Simulink software is for certain set of problems, a good compromise between EMTP-ATP and DIgSilent/PowerFactory. Detailed help options are built in the program, which is of mandatory importance for students. Regarding analysed exercises, a special subprogram for the calculation of OHL electrical parameters is available and simple to use.
MATLAB/Simulink has been selected for the numerical analysis of presented exercises due to simplicity of the equivalent circuit creation, the most valuable help options, existence of user-friendly subprogram for OHL electrical parameters calculation and overall experience of students attending High Voltage Engineering course with this software.
Preparation of simulation parameters and creation of equivalent circuit
There are different OHL models which can be used in engineering calculations. The application of specific model depends on the calculation type (frequency or time domain, single-phase or multi-phase models, frequency of analysed process, etc.). The most efficient and accurate OHL model is a distributed parameter model based on the travelling time s and characteristic impedance Z c . Lumped parameter models (pi-circuits) are computationally less expensive, but also less accurate (a certain number of cascaded short pi sections is needed to approximate the distributed nature of the physical line). However, in many instances, cascaded pi sections can be used without an excessive loss of accuracy, especially for studies such as OHL energisation and deenergisation. 10, 11 The minimum number of pi sections depends on the desired accuracy and it is directly related to the frequency of the analysed transient. 12 If a transient with frequency f max has to be represented at the OHL with velocity v, the OHL length l corresponding to one pi section should be shorter than 11, 12 
In this paper, a 400 kV OHL with length 100 km is analysed. The sensitivity analysis performed in MATLAB/Simulink shows that one pi section should be 10 km long and, in such a situation, simulation results obtained with cascaded pi sections fully correspond to the results obtained by using a distributed OHL model. By using formula (1) and assuming that travelling waves velocity v is 300,000 km/s and the length l is 10 km, the maximum frequency of transients is estimated to be f max =6 kHz.
Simulations in MATLAB/Simulink are performed for three types of OHL models: distributed OHL, three phase cascaded pi sections and single phase cascaded pi sections.
Parameters of elements' models for switching transient analysis can be used from literature [10] [11] [12] or they can be estimated by using Compute RLC Line Parameters tool, from MATLAB/Simulink.
In this paper a typical 400 kV single circuit OHL with horizontal conductor geometry is analysed. Input parameters for calculations and estimated parameters of the OHL are given in Table 1 .
Corresponding equivalent circuits created in MATLAB/Simulink by using different OHL models are presented in Figure 1 .
Experimental setup realisation and measuring issues
In order to provide an improved understanding of balanced operations of OHL, an experimental physically scaled 400 kV OHL model has been created. Experimental OHL model corresponding to single phase pi sections model from Figure 1 (c) is presented in Figure 2 .
The created experimental OHL model consists of 10 pi sections and its lumped parameters for 1 pi section representing 10 km of OHL are: and C ¼ 0.1 mF. The capacitance value of the first and the last capacitor in the model is C a /2 ¼ C b /2 ¼ 0.047 mF instead of 0.05 mF, which is the consequence of the lack of experimental material. Applied values of network model parameters are: R G ¼ 1.4 X and L G ¼ 47 mH (Figure 1(c) ).
Experimental setup for the analysis of symmetrical processes at OHL is presented in Figure 3 .
The numbered elements from Figure 3 are: 1 -three-phase switch; 2 -threephase transformer; 3 -single-phase switch; 4 -current transformer; 5 -voltage divider (resistor); 6 -experimental OHL model; 7 -digital oscilloscope. The single-phase switch at the beginning of experimental OHL is used in the analysis of switching transients. Current signal is obtained by using current transformer. Resistor is used in purpose of voltage regulation at the beginning of physically scaled OHL and it is removed in the analysis of switching transients in order to mitigate damping ratio. Measuring is performed by using a digital oscilloscope.
The results of the experimental analysis can be affected by voltage harmonics, because of the low input voltage (bellow 40 V). In the case of real high voltage, OHL harmonics are insignificant. In order to obtain more realistic results, triple harmonics are eliminated by using delta-wye transformer connection. Appropriate comparison between experimental and simulation results in the Ferranti effect analysis is obtained by using recreated experimental input voltage signal in MATLAB/Simulink (Fast Fourier Transform tool).
Ferranti effect analysis
The Ferranti effect is the phenomenon of voltage rise at the receiving OHL end due to open circuit or weak load. It is well known that Ferranti effect is particularly noticeable in the cases of long OHLs. Ferranti coefficient is defined with relation (2)
where U 1 and U 2 are rms voltages at the beginning and end of the OHL respectively; b is a phase transmission constant; l V is OHL length. The physical cause of the Ferranti effect is the capacitive current flowing through the OHL inductive reactance.
Comparative calculations of the Ferranti coefficient are performed by using single phase OHL model (Figure 1(c) , with and without input voltage harmonics) and experimental OHL model. Corresponding results are presented in Table 2 .
The following conclusions can be obtained by analysing the results from Table 2 :
• The mean value of the Ferranti coefficient in the case of experimental OHL model is 1.0054, which corresponds very well to the theoretical value of 1.0055, obtained by using the relation (2). Three-phase pi sections and distributed OHL models are also used for Ferranti coefficient calculations. Comparative analysis for 400 kV OHL, with different length values, is performed and results are presented in Table 3 .
By analysing the data from Table 3 , it is obvious that lumped 1 pi and 10 pi sections OHL models provide almost identical results (small differences are noticeable for OHL lengths greater than 200 km). These results correspond very well to the results obtained by using a distributed OHL model. According to relation (1), the propagation of waves with a frequency of 50 Hz on OHLs can be modelled accurately by using just 1 pi section. On the other hand, switching transients have higher frequencies and several pi sections must be used in calculation process in order to estimate valuable results. Ferranti effect analysis belongs to the steady state power systems analysis and 1 pi section can be used for appropriate modelling of OHLs.
Natural power flow and capacitive OHL behaviour
The natural OHL power is defined as the power which flows through an OHL without reactive power losses and it is denoted as the characteristic or surge impedance load (SIL). 13 The determination of characteristic impedance and propagation constant is of great significance for OHL performance analysis. In the case of practical three-phase OHLs, characteristic impedance and propagation constants are defined by relations (3) and (4), respectively.
where R; L and C are longitudinal direct sequence parameters of OHL; a is the OHL attenuation constant; b is the OHL phase constant.
The calculated values of characteristic impedance and phase constant for the analysed 400 kV OHL (Table 1) are: Z C = 317 X and b= 0.063 /km. The value of characteristic impedance for the corresponding lossless OHL is Z C = 316.23 X. Another important OHL parameter is electrical length or phase length, which defines voltage phase shift introduced by transmission over OHL. Electrical length is defined by relation (5)
where l is length of OHL. The calculated electrical length of the analysed 400 kV OHL is k= 6. measured OHL signals, precise determination of electrical length is not possible, because of electric noise and unfiltered power supply harmonics.
In the second study case, loading impedance value is set to, 1250 X for the purpose of capacitive regime testing. Phase-shift between measured voltage and current at the beginning of OHL clearly indicate capacitive regime ( Figure 5(a.1)  and (b.1) ). In this case, OHL corresponds to capacitive load and its voltage value is 
Analysis of switching transients
Switching operations are one of the most common causes of electromagnetic transients in power systems. Both the closing and the opening of a switch introduce a change in the network configuration which causes overcurrents and overvoltages.
The impact of switching overvoltages to the OHL has been considered since the first AC transmission lines were built, 14 but it has also been frequently discussed in recently published scientific papers. 15, 16 At OHLs with rated voltage equal or greater than 500 kV switching overvoltages are more critical than lightning overvoltages for insulation coordination calculations. 17 OHL energisation with no loading is a common switching operation which results in high overvoltages. This operation and corresponding overvoltages are analysed in this paper.
The main indicator of switching overvoltages is called overvoltage factor and it is defined by relation (6)
where u 2max is the maximum phase overvoltage value and U 2max is the steady state amplitude of phase voltage. Switching transients are analysed by using single phase OHL model. In order to properly compare simulation and experimental results, the damping ratio of measurement scheme needs to be considered. Damping ratio is modelled by using resistor which represents total resistance of elements used in the experimental setup (main connection cable, connection wires, power transformer, etc.). Overvoltage factor is calculated for different values of switching times and cases with and without damping resistor. The corresponding results are presented in Table 4 .
Based on the results from Table 4 , it can be concluded that the value of overvoltage factor largely depends on the switching time. The maximum overvoltage factor corresponds to 90 switching angle of ideal voltage source. The maximum overvoltage factor (switching angle of 90 ) is also analysed for an experimental OHL model. The rms value of the input voltage is set to 12 V. The obtained overvoltage factor value is k OV ¼ 2.323. OHL voltage signals for the cases of single phase OHL model with damping resistor and physically scaled OHL are presented in Figure 6 .
From Figure 6 , the following conclusion can be obtained: measured voltage contains less high-frequency components and slightly higher overvoltage factor k OV value due to greater influence of decaying direct current component.
In order to evaluate the accuracy of the different OHL models in terms of switching transient analysis, a comparative test is performed and the corresponding results are presented in Figure 7 .
By analysing the results from Figure 7 , the following conclusions can be obtained:
• Overvoltage factor values in the case of distributed OHL model are lower than overvoltage factor values corresponding to lumped OHL models for switching angles less than 90 .
• The largest deviations of overvoltage factor values are present for switching angles higher than 90 because of different oscillatory overvoltage waveforms and time instants of overvoltage peaks.
Method application feedback
Analysed exercises have been presented to the undergraduate students of the Power system engineering department at the Faculty of Electrical Engineering, University of East Sarajevo. A survey was conducted among students of the fourth year, to conclude method application benefits. All students reported exercises to be very beneficial and interesting for understanding of the presented material. Characteristic students' conclusions regarding benefits of the exercises are:
1. Experimental setup enables better understanding of OHL balanced operations, especially in absence of the field exercises. Electrical characteristics of OHL can be effectively explained by comparing real OHL, experimental setup and numerical calculations. 2. Similarities between simulation and experimental results validate traditional theoretical knowledge related to OHLs. Experimental and software modelling enable better insight in OHL's properties. 3. Practical sense and skills related to measurements of steady state and transient signals are obtained by utilizing experimental modelling. 4. By using software and experimental OHL models it is possible to analyse even the rarest operating conditions without any risk of damaging the system. Such operating conditions are usually unavailable in the field at the certain time.
Conclusion
The presented teaching method of OHLs balanced operations is advanced and based on a combination of theoretical, modelling and experimental approaches. Through the practical application of physically scaled OHL experimental setup, many measuring issues have been solved and explained. Three basic case studies dealing with balanced operations of OHLs are considered: the Ferranti effect, switching transients and OHL loading. Theoretical definitions of Ferranti coefficient, overvoltage factor, characteristic impedance and electrical length are verified through simulation and experimental analysis. Good agreements between the simulated and measured results are present in every performed test. By using the simulation and experimental calculation procedures, students of the Power systems department were able to increase their knowledge and understanding of the presented materials. On the basis of this study, high-quality and low-cost laboratory exercises can be implemented and introduced in the student education process.
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